Abstract-Thermonuclear reactors will require permanent monitoring under high-gamma dose rates and high neutron flux. We propose to get rid of the digital data transmission limitations in highly radioactive environments by implementing an analog fiber-optic link based on directly modulated vertical-cavity surface-emitting laser (VCSELs). In this paper, we introduce an architecture for highly radiation-tolerant instrumentation data links based on the intrinsic wavelength division multiplexing capabilities of fiber-optic data transmission. The potential radiation acceptance level of the analog fiber-optic link is estimated on the basis of irradiation results on individual COTS photonic components such as VCSELs, fiber-optic passive multiplexers, and optical fibers.
I. INTRODUCTION
T HE future International Thermonuclear Experimental Reactor (ITER) will require permanent monitoring during the plasma burn, involving plasma diagnostics, sensing, and communication applications [1] , [2] .
During the plasma burn, the diagnostic systems stored in the vicinity of the vacuum vessel should withstand typical gamma total doses of 100 MGy [1] and neutron fluences up to 10 n m , produced by the deuterium tritium (D-T) reactions [3] . Neutrons produced during the DT reaction will activate the surrounding materials. The majority of activation products will be bound in solid metal structures of the in-vessel components.
During the shutdown periods, the reactor maintenance will require frequent replacement of heavy in-vessel components such as tiles and divertor modules, among other plasma facing components. According to the ITER design description document [4] , [5] , these operations will have to be performed in a hazardous radiological environment: 10-kGy/h gamma dose rate, temperatures going from 50 to 200 C, and total gamma dose ranging from 1 to 100 MGy. Radiochemical hazards due to chemically toxic or reactive materials produced during the deu-terium tritium reactions and activated dust, originating from the plasma facing components, make the maintenance operations even more difficult [5] . Operators have to use remote-handled equipment to ensure their safety. The interconnections between this equipment and the control unit, the so-called umbilical, therefore become a crucial issue in the reliability of ITER instrumentation links [2] .
The data link architectures envisaged up to now for ITER instrumentation are based on existing electronic multiplexing techniques, using digital data transmission and time-domain multiplexing [6] , [7] . This approach requires the use of a large amount of radiation-sensitive electronics, restricting therefore both the radiation tolerance and the bandwidth of the ITER link. In this paper, we propose a new analog fiber-optic data link design based on commercial off-the-shelf (COTS) components, taking advantage of the fiber wavelength division multiplexing (WDM) capabilities and electromagnetic interference (EMI) insensitivity to implement a distortion-free data transmission.
We briefly compare the analog link with the digital link architecture in terms of radiation-acceptance level, intrinsic performance, and architecture complexity. We discuss the pros and cons of the analog implementation of the ITER instrumentation data link, based on irradiation results of fiber-optic components such as vertical-cavity surface-emitting lasers (VCSELs), WDM fiber-optic couplers, and optical fibers.
II. DIGITAL OPTOELECTRONIC SERIAL DATA LINK FOR ITER REMOTE HANDLING TASKS
Digital transmission has been considered first since it allows better flexibility in protecting data from noise in the link and an optimized bandwidth usage. Analog/digital (ADCs) or digital/analog converters (DACs) are necessary to digitize analog signals produced by the sensors. To reduce the amount of connecting cables with the control unit, serializers and deserializers are required to send all the binary data over a single link, together with electronic multiplexers. This requirement led initially to the preliminary architecture shown in Fig. 1(a) . Moreover, the extreme environment of ITER also requires heavy shielding against electromagnetic interference to guarantee distortion-free data communication. The use of optoelectronic components to carry the digitized data over long distances has been considered as a tradeoff between umbilical management and electromagnetic shielding. Such an architecture is schematically depicted in Fig. 1(b) . For a decade, a considerable number of radiation effects studies have been carried out to find COTS radiation-tolerant optoelectronic components and to identify the degradation mechanisms during exposure to very high gamma total dose levels, ranging from 10 to 100 MGy, intense gamma dose rates from 100 Gy/h to 30 kGy/h, and high temperatures up to 100 C. [2] , [1] - [3] , [8] - [14] As a rule of thumb, we decided to rely only on COTS components, following the trend observed in military and space projects [15] . We discuss hereafter the status of radiation hardening of the digital optoelectronic link. We show that this approach has an intrinsically low radiation acceptance level due to the large amount of electronics required to operate a time-multiplexed digital instrumentation link.
A. Radiation-Hardened Electronics
Coenen suggested that electronic circuits can be made radiation tolerant to high gamma total dose using discrete COTS bipolar transistors [8] . When exposed to intense gamma radiation, such discrete components retain their basic functionality [16] . Moreover, Coenen showed that the degradation can be simulated using SPICE software, allowing one to predict the radiation acceptance level of complete circuits [17] .
This allowed us to design digital electronic multiplexing circuits resistant to ionizing radiation but only to accumulated doses up to 10 kGy using state-of-the-art COTS discrete components with a multiplexing capacity of a few megahertz [18] . CEA (France) is currently developing radiation-hardened ADCs, DACs, and serializers for nuclear robotics. Their radiation-acceptance level, however, is lower than 100 kGy at a gamma dose rate of 10 Gy/h [19] .
B. Optoelectronic Digital Emitter/Receiver Under Radiation
Optoelectronic emitters and receivers have been extensively tested to evaluate the radiation resistance of the digital optoelectronic data link [7] , [20] - [22] . Among other emitters, the VCSEL is a very promising candidate for the ITER link. Offline measurements on these devices indicated a very high total dose resistance up to a total gamma radiation dose of 31.4 MGy with a limited output power loss [23] .
Recently, Berghmans has shown that the VCSEL lasing threshold current remains unaffected by gamma radiation, at a gamma dose rate of 15 kGy/h, up to 10 MGy, whereas the slope efficiency is lowered [7] . The Mitel 1A440 VCSELs were packaged in a metal housing containing a 2-mm-diameter glass ball lens to improve optical power coupling efficiency. The fiber-optic pigtail was made of a 100-m pure silica core SPECTRAN TCG, with a well-known response under gamma radiation [24] . The temperature in the irradiation container was also kept constant at 60 1 C.
If we assume that the sensor information consists of transistor-transistor logic type signals, a driver is then needed to convert it to appropriate VCSEL forward current pulses. The digital driver for VCSELs has been tested up to 10 MGy but has validated up to a 1-MGy total gamma dose and a bandwidth of 1 MHz [7] . Used as a digital emitter in combination with a digital driver, the VCSEL efficiency reduction results in a decrease of the signal-to-noise ratio and, therefore, in an increase of the bit error rate. Fig. 2 shows the effect of radiation on the power versus current P-I characteristic of a MITEL 1A440 VCSEL. The efficiency decrease of the VCSEL combined with the forward current decrease of the driver results in a total optical output power drop of about 13% at 1 MGy. Fig. 2 . P-I characteristics of a VCSEL digital transceiver at 0 Gy, 1 MGy, and 10 MGy at a temperature of 60 C. The arrows show the combined gamma radiation effects on both the driver current and the VCSEL. It results in a decrease of total optical output power due to an increase of the optical losses in the VCSEL and the radiation-induced forward current drop originating from the degradation of the driver itself [7] .
The next step in the evaluation of the VCSEL technology as a candidate for nuclear instrumentation was to irradiate such emitters under mixed gamma and neutron irradiation. We therefore conducted a neutron irradiation in an experimental channel of the air-cooled graphite-moderated BR1 reactor at SCK•CEN (Mol, Belgium). The nuclear environment is characterized by a gamma dose rate of 1.8 kGy/h[H O], a thermal flux of 10 n cm s, an epithermal flux of 10 n cm s, and a fast neutrons flux of 10 n cm s at a nominal reactor power of 700 kW. The temperature in the irradiation container was also kept constant at 60.0 1.5 C. The total neutron fluence was about 10 n cm , and the total gamma deposited dose was about 50 kGy.
We irradiated four Mitel 1A440 VCSEL assemblies with a ball lens and four Honeywell HFE4084-322 devices without any coupling lens. Both types were pigtailed with 100-m pure silica core Spectran TCG optical fiber. The Mitel VCSELs were already gamma irradiated up to a total dose of 20 MGy.
The experimental results suggest that, similarly to all semiconductor optical sources, the VCSELs are more sensitive to neutron radiation than to gamma radiation. Whereas gamma radiation only induces a decrease of the slope efficiency, neutron radiation will also severely affect the threshold current and alter the current-voltage characteristics. The P-I characteristic of a Mitel VCSEL for increasing neutron fluence levels is shown in Fig. 5 . After a neutron fluence of 310 n cm , no optical output power could be detected below our maximum test current of 18 mA. The threshold current increased to values beyond the specified nominal forward current of 15 mA, which makes the devices unusable at such fluence levels. However, for a neutron fluence below 10 n cm , the VCSELs still operate in an acceptable way. Finally, gamma preirradiation results in an acceleration of the device failure under neutrons.
The radiation resistance of COTS semiconductor photodiodes (PDs) is the weakest point of a digital optoelectronic data link in terms of reliability and signal-to-noise ratio decrease.
C. Radiation-Tolerant COTS Optical Fiber
Both multimode and single-mode COTS optical fibers have already shown a satisfactory radiation resistance, even when irradiated inside a nuclear reactor core [25] - [27] . Multimode pure silica core fibers have been extensively tested up to GGy gamma dose levels, showing a typical radiation-induced attenuation lower than 5 dB/m at 850 nm [25] . The SMF28 single-mode fiber shows a radiation-induced attenuation of about 10 dB/m, as depicted in Fig. 6 [27] . However, since the length of fiber in remote-handling applications exposed to ionizing radiation is short, COTS optical fiber is suitable for transferring optical data in ITER instrumentation links [24] .
III. FROM DIGITAL OPTOELECTRONIC DATA LINK TO ANALOG OPTICAL PARALLEL DATA LINK
The lack of MGy-tolerant COTS electronics and reliability issues in the high-speed semiconductor photodiodes required for tool actuation limit the radiation tolerance level of the digital optoelectronic serial data link at less than 100 kGy and a modulation frequency of 1 MHz. The radiation-induced losses in the connecting optical fiber are no longer a limitation in the infrared wavelength window.
However, the minimal radiation-acceptance level for ITER instrumentation links is set at about 10-MGy total gamma dose, as seen in Section I. These very harsh requirements call therefore for reducing as much as possible the amount of exposed electronics. Among the more sensitive components, the ADCs and DACs are seriously limiting factors in terms of resistance to ionizing radiation.
On the other hand, all the radiation-tolerant sensors developed for remote-handling applications have an analog output in common. Examples includes rad-hard linear variable displacement LVDTs [28] , [29] , acoustic transducers [30] , [31] , and video cameras [32] . Sending analog information would avoid the use of digital electronics. In the next section, we propose an alternative instrumentation link architecture. We suggest implementing an all-optic architecture with analog modulation, using wavelength-multiplexed optical emitters.
IV. ANALOG OPTICAL PARALLEL LINK FOR ITER
The electronic components in charge of the analog-to-digital conversion are very radiation sensitive. We therefore propose, as a way to improve the link radiation tolerance, to keep the sensor signal in its analog format and to use it to directly modulate optoelectronic emitters. A schematic picture of an all-optic analog optical link is given in Fig. 8 . For the sake of conciseness, we will focus our discussion on an amplitude-modulated analog optical link and its radiation tolerance. Other analog modulation schemes such as frequency modulation or pulse modulation [33] , [34] could also find applications in a radiation-tolerant instrumentation system but are out of the scope of this paper. In addition, it is important to note that we are still in the predesign phase of the ITER instrumentation links. We are identifying COTS components able to withstand MGy total dose levels and hence proposing innovative system architectures. Time and temperature stability, as well as optical power budget, dynamic range, and linearity, need to be further investigated. However, it is important to stress that digital and analog optoelectronic links, built with radiation-tolerant COTS discrete optoelectronic components, will have a lower performance than standard optoelectronic links. Actually, we give more importance to the radiation tolerance than to the overall system performance.
A. Optoelectronic Analog Emitter/Receiver Under Radiation
The radiation-induced limitations put forth for the digitally driven VCSELs are lowered once we consider the VCSEL as an analog modulator, as shown in Fig. 7 . Using analog data transmission would allow us to reduce the transmitter electronics to a voltage-to-current convertor. Analog modulation, with typical frequencies lower than 1 MHz, around the nominal forward current release the issue of the optical power drop, depicted in Fig. 2 , at total gamma doses of 10 MGy. The emitter linearity is satisfactory up to at least 1 MGy. The optical power is still sufficient to guarantee optical data transfer. We can still get rid of the radiation-induced power losses in the overall optical link (see Section IV-C).
In a low-bit-rate analog data link, the relaxed bandwidth response criteria mean that optical detectors ranging from photomultiplier electron tubes to pyrometers could be considered as potential photodetectors. Analog data encoding therefore opens new ways toward the development of radiation-hardened photodetectors.
B. All-Fiber Optical Multiplexer/Demultiplexer
The intrinsic wavelength multiplexing capabilities of the optical fibers reduce drastically the complexity of the multiplexers. Several optical wavelengths can be used to transmit, in parallel, several analog sensor signals. This allows the setup of redundant and distortion-free data transmission, using wavelength-separated optical emitters and all-fiber multiplexers/demultiplexers.
Conventional wavelength-flattened COTS fiber-optic couplers [35] , [36] can be used to multiplex in one fiber the optical signals, encoding the sensing information and going to the control room. Their radiation resistance has been demonstrated up to MGy dose levels [37] , [38] . Higher dose radiation resistance can be expected from our in-reactor irradiation of single-mode optical fibers.
Moreover, wavelength-selective demultiplexers can be employed to split the different signals needed to operate the actuators. Being bidirectional, one single component could even operate as multiplexer and demultiplexer at the same time, reaching the highest level of multiplexing achievable. We demonstrated the radiation resistance of COTS fused fiber-optic WDM couplers up to 10 MGy [18] . The radiation-induced channel drift, shown in Fig. 9 , can be overcome using wavelength-tunable optical emitters in the ITER control room [18] . The fused tapered fiber-optic coupler considered in this paper consists of two single-mode optical fibers heated and stretched together. The optical power coming out at port 1 and port 2-respectively, and -is the result of an interference between both of the propagating modes in the coupling region. Applying the couple-mode theory to ideal fused couplers, it can be shown that [18] (1) (2) where is the input power, is the coupling constant, and is the coupling length. The coupling constant is given by where is the taper diameter, and are, respectively, the refractive index of the cladding and the surrounding air, and is given by . Wavelength selection is achieved through the wavelength dependence of the coupling constant . This allows us to fabricate a wavelength multiplexer coupling almost 100% at one wavelength and 0% at a second wavelength.
Ionizing radiation modifies the refractive index of the coupling region [39] , [40] . Possible packaging degradation effects are not considered in this simplified model. This will result in a radiation-induced drift of the two channels [38] , [37] . Gutierrez predicted that the refractive index change for the SMF28 fiber is about 10 at 10 kGy, corresponding to a wavelength channel drift to the red of several nanometers ( m m) [38] . This results in a decrease of the insertion loss at the wavelengths for which the manufacturer has optimized the WDM multiplexer.
We confirmed those results by irradiating a 1300/1550-nm fused coupler (Gould Inc.) and narrow-band fused couplers (FOCI) up to 13 MGy. The description of the experimental setup can be found elsewhere [18] , [41] . The insertion loss of the 1300/1550-nm fused coupler increases due to the radiation-induced attenuation in the SMF28 fiber used in the coupler. Its isolation decreases to about 10 dB for both channels (at 13 MGy), but the broadband coupler retains its multiplexing capabilities.
The FOCI narrow-band fused coupler operates as a MUX/DEMUX for two International Telecommunication Union wavelengths: 1541.35/1551.72 nm. The thermal stability drift, specified by the manufacturer, is lower than 3 pm C. The narrow-band coupler operates up to MGy dose levels. The channels drift about 0.5 pm/kGy (see Fig. 9 ), unlike the difference between the two peak positions, which remains constant within the accuracy of our measurements. No recovery has been observed after the stop of the irradiation.
The radiation-induced refractive index change complicates the use of fiber-optic MUX/DEMUX at high ionizing doses. This limitation can be overcome by separating the MUX from the DEMUX function, as shown in Fig. 8 . The MUX function could be performed by wavelength-flattened fiber-optic power couplers.
For the DEMUX function, tunable wavelength-spaced optical emitters need to be used to keep the isolation between channels at acceptable levels. This function can easily be implemented using passive WDM coupler or demultiplexers based on fiber Bragg Gratings (FBGs). FBGs are wavelength-selective devices operating as filters in optical wavelength domain. In earlier papers, we showed their very high radiation tolerance in a very harsh nuclear environment [42] - [44] , as well as their long-term reliability in a mixed neutron gamma radiation field [45] .
C. Error-Correction Schemes
The limitation of a low-bit-rate analog data transmission is its greater sensitivity to losses appearing along the link. Major error sources are the radiation-induced optical losses and the bending losses along the connecting optical fiber. Error correction schemes therefore need to be implemented.
Basic error-correction schemes can be implemented to ensure distortion-free and redundant optical data transmission. With a limited amount of electronics, one could drive the same VCSEL at two currents and , both proportional to the analog input signal, using an analog multiplexer. The value obtained after subtraction of the two emitted optical powers is still proportional to the analog signal but is independent of the radiation-induced losses along the optical link. One could also use the same output signal to modulate two wavelength-spaced VCSELs. The two optical signals can afterwards be demodulated by means of an all-fiber demultiplexer and compared for error correction.
V. CONCLUSION
The maintenance operations of the future thermonuclear fusion reactor require the development of a radiation-resistant instrumentation data link. The limitations of the currently envisaged digital optoelectronic serial link could be overcome by implementing an analog optical data link, avoiding the use of serializers/framers and ADCs, as summarized in Table I . The COTS key components of an analog optical link have shown a very high radiation tolerance up to gamma total doses in excess of 1 MGy (0.1 Grad), while keeping the high multiplexing capabilities of the instrumentation link. In principle, the required amount of front-end electronics therefore could be reduced to a radiation-hardened analog driver and a radiation-resistant lowspeed photodetector. Multiplexing and demultiplexing optical signals can be done passively using fiber-optic wavelength-flattened couplers and wavelength-selective couplers.
